Wolf-Hirschhorn syndrome (WHS) is a rare chromosomal disorder caused by terminal deletion of the short arm of chromosome 4. The clinical picture includes growth retardation, severe mental retardation, characteristic "Greek helmet" like face, seizures and midline defects in the brain, heart, palate and genitalia. Recently-used molecular techniques increase the number of diagnosed cases due to the detection of smaller deletions. The severity of the clinical presentation is variable depending on the haploinsufficiency of genes in a deleted region.
INTRODUCTION
Wolf-Hirschhorn syndrome (WHS) is a rare chromosomal disorder due to the deletion of the short arm of chromosome 4. The first description of the syndrome was published by Cooper and Hirschhorn [1] and Hirschhorn et al. [2] ; it was afterwards confirmed by Wolf et al. [3] . The syndrome occurs in approximately 1:50,000 newborns [4] . Approximately 120 cases have been described thus far using conventional karyotyping [5] . Recently-used molecular techniques increase the number of diagnosed cases due to the detection of smaller deletions of the short arm of chromosome 4 [6, 7] .
Common features of the syndrome include microcephaly, characteristic facial dysmorphism, frequently cited as a Greek helmet-like forehead, broad forehead with prominent glabella and shallow orbital arches; hyperthelorism, short and broad nose; short upturned philtrum and low-set dysplastic ears. Severe psychomotor delay is present in most cases. Seizures usually occur within the first 2 years of life and have variable presentation. Less frequent features are midline defects: congenital heart defect, cleft palate, hypospadia, as well as skeletal abnormalities, club foot, mesomelia, radioulnar synostosis, fused vertebrae and ribs, and hip dislocation. Growth is severely affected [8] . The infants are born small for gestational age. Receding of postnatal growth velocity continues in early childhood, the height of affected children is 3SDS (standard deviation score) below the mean. Some of the patients have a short life span, mainly because of the lower respiratory infections and multiple anomalies. However, the children with smaller deletions have a better survival rate [9] .
Most cases are caused by a de novo deletion of chromosome 4p, while in 20.0% of cases, translocation in the parental karyotype that includes chromosome 4, is responsible for the loss of the part of chromosome 4 in the offspring [4, 10, 11] . Other structural rearrangements including this region, such as inversions, are a rare cause of WHS. Mosaic state of deletion of chromosome 4p(p15-pter) has been described in two cases so far, and has highly non specific clinical presentation [12, 13] . Mosaicism in parental cells could be the reason for occurrence of overt WHS in the offspring [14] . Some investigators speculate that parental imprinting is a responsible mechanism for the phenotype, since the majority of deleted chromosomes 4 are of paternal origin [15] .
The critical region for WHS is located on the terminal part of the chromosome 4p, with a length of approximately 1-5 Mbp. In rare cases the cytogenetically visible deletion is interstitial. It has been estimated that the minimal critical region of the deleted region is 165 kb from the telomere and is up to 750 kb in length, most frequently between loci FGFR3 and D4S168 [7, 16] . However, it is a gene-rich region and produces severe clinical presentation in most cases. In 80.0% of cases, the deletion is large, up to 4p14 [9] . The remaining 20.0% of patients have smaller deletions, mostly on the 4p16.3 band, a presentation called Pit-Roger-Danks syndrome [17] . This minor deletion leads to less severe and frequently uncharacteristic clinical presentation.
Multiple genes are responsible for the clinical presentation. However, haploinsuficiency of the WHSC1 gene that encodes a DNA binding protein, is mostly believed to be a cause for the pleiotropic effects. The WHSC1 gene is responsible for chromatin remodeling, and therefore causes insufficient regulation of many genes [18] . Zolino et al. [10] suggested that other genes outside the critical region contributed to the phenotype. An additional gene within the WHS critical region, LETM1, involved in Ca binding signaling, is responsible for the seizures in these patients [4,10,] . The gene has been located at the proximal side of the Wolf-Hirschhorn critical region (WHCR) and has an influence on the mitochondrial ion homeostasis [19] .
MATERIALS AND METHODS
Patient Analysis. In this study, six patients with classical features of WHS are presented. The dysmorphic profile has been assessed in all of them, including major and minor anomalies that have been described in the literature, using a specific software program (London Dysmorphology Database; Oxford University Press, London, UK). Facial dysmorphism was evaluated by two independent examiners. The number and severity of each dysmorphic feature was classified as minor [ Figure 1) .
Assessment of postnatal adaptation was made according to the Apgar score and length of stay in the intensive care unit. Malformations of other organs and systems were described in all patients. Psychomotor evaluation was performed using standard neurological examination and developmental tests according to the Griffith scale.
Chromosome Aalysis and Fluorescent In Situ Hybridization (FISH). Standard chromosome analysis of blood lymphocytes was performed. Cultivation was made using phytohemaglutinine for 3 days, harvesting was done using a standard procedure [20] . The slides were dyed by a G-banding technique. An Olympus BX51 microscope (Olympus Life Science Europa GmbH, Hamburg, Germany) and standard MetaSystems karyotyper (MetaSystems GmbH, Altussheim, Germany) was used for evaluating the chromosomes. At least 25 metaphases were analyzed for each patient ( Figure 2) .
In patients where the karyotype was normal, standard protocol [21] for FISH analysis was performed using a high-sensitive Vysis probe (4p16.3, Cat. #05J29-074; Abbott Molecular Inc., Des Plaines, IL, USA) with centromeric-control (green signal), and subtelomeric (red signal) including WHCR. Analysis was preformed both on chromosome preparations or interphase nuclei using fluorescent light microscope (Olympus BX51, Olympus Life Science Europa). At least 100 metaphase spreads or nuclei per case were analyzed. Adjacent filters were used: DAPI (4',6-diamidino-2-phenylindole) for counterstaining, FITC (fluorescein isothiocyanate) for green and TRITC (thetramethylrhodamine isothyocyanate) for visualizing the color red. The software for computer analysis, MetaSystems-FISH (MetaSystems GmbH) was used ( Figure 3 ). The severity of the clinical presentation: facial dysmorphism, mental retardation, major organ anomalies were correlated with cytoge-netic findings (visible deletion of chromosome 4p or microdeletion) in all six patients.
RESULTS

Patient 1.
An infant boy at the age of 24 days was admitted to the clinic because of asphyxia, hypotonia, poor sucking and failure to thrive. He was the first child of young, unrelated parents. Intrauterine growth retardation was noticed during the fourth month of pregnancy. Delivery was at term, birth weight was 2200 gr, birth length 45 cm. The neonate was hypotonic, had frequent apneic episodes and poor sucking. Dysmorphic profile was estimated as severe [+++] according to the presence and severity of dysmorphic features ( Table 1) . Evaluation of the heart revealed Table 1 . Clinical data of our six patients. ASD: atrial septal defect; CNS: central nervous system. a minor atrial septal defect (ASD). Ultrasonography of the kidneys showed agenesia of the left kidney and hypoplasia of the right kidney. Serum urea and creatinine were above the upper limit. At the age of 2 years, the child had an intestinal obstruction due to a malrotation and underwent surgery. Seizures started at the age of 1.5 months, and had tonic-clonic characteristics, with severe, long-lasting outbursts frequently leading to epileptic status; therefore, antiepileptic therapy was introduced. At the age of 4 years he was not able to walk without support and had autistic behavior. Chromosome analysis revealed a cytogenetically visible deletion of the short arm of chromosome 4: 46,XY,del(4)(p15.3). Patient 2. A 3-month baby was referred to our clinic because of facial dysmorphism. She was the second child in a family of healthy and non consanguinous parents. The pregnancy was uneventful; the delivery was after 41 weeks of gestation, birth weight was 2800 gr, birth length was 49 cm. The child had asphyxia and was resuscitated. At the time of the examination the baby had failed to thrive and did not achieve developmental milestones. She had facial dysmorphism ascertained as severe. Additional dysmorphic features included transversal crease on the left hand, club feet and joint stiffness of both legs; a small umbilical hernia was also noticed. Ultrasonography of the heart revealed a congenital heart defect, an ASD with a dilated ascendant aorta. The lateral ventricles of the brain were slightly enlarged. The karyotype was 46,XX,del(4)(p16.1) (Figure 2 ). We have no data if this child had convulsions afterwards as she was lost of follow-up.
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Patient 3. The patient was a 6-month-old girl and was the first child born to unrelated parents. She was born after a normal pregnancy and delivery, with birth weight of 2350 gr and length 47 cm. Motor delay was noticed from the fourth month of age. She had characteristic facial dysmorphism estimated as severe [+++] . Cleft of the palate was along the hard and soft palate. The sacral sinus was deep. At the age of 4 months she developed seizures (first febrile, afterwards afebrile and generalized). The convulsions were frequent, prolonged and difficult to manage, requiring a combination of several anticonvulsant drugs. The karyotype was 46,XX,del(4)(p16.1).
Patient 4. A female patient, aged 16 months, was the second child of unrelated healthy parents. Their first child had been operated on because of an urethral obstruction but he was otherwise normal. The mother experienced vaginal bleeding during the first trimester of the pregnancy. Delivery was before term and the umbilical cord was wrapped around the baby's neck; her birth weight was 2340 gr, birth length 44 cm. She had minor developmental delay, first thought to be caused by the neonatal asphyxia. She was estimated to have a moderate [++] phenotype. She had a unilateral cleft lip, notched left nostril, small allae nasi, bat-like ears. Both kidneys were hypoplastic. The karyotype was normal. The microdeletion of 4p was detected by FISH. At the age of 3 years, she developed clonic-tonic seizures. Despite combined anticonvulsant therapy, her epilepsy remains resistant. After the start of the seizures, her motor and mental abilities started to deteriorate; she thus lost most of her motor abilities. Therefore, the estimation of her motor delay in this study was estimated to be before occurrence of the seizures.
Patient 5. This is the first child resulting from eigh in vitro fertilization (IVF) attempts by healthy parents. The fetus had prenatal growth delay. He was born pre term, at week 35 of gestation, and was small for gestational age; birth weight was 1660 gr and birth length 40 cm. Because of immaturity, feeding problems and respiratory distress syndrome, the baby remained in an incubator for 2 months. Dysmorphic profile was considered as minor [+] due to the presence of only a few dysmorphic features, and smaller central nervous system (CNS) changes. There was a cardiac defect showing foramen ovale and open ductus arteriosus. Left heart catheterization revealed multiple aortic-venous pulmonary communications, as well as truncus bicaroticus. During the following months, the baby achieved more developmental skills. However, some discharges of myoclonal character on EEG (electroencephalography) were noticed without visible seizures. The karyotype was normal. Using FISH, chromosome 4p showed 46,XY,ish del(4)(p16.3) (Figure 3) . Patient 6. The proband was a 16-month-old boy referred because of developmental delay. The pregnancy was uneventful; however, diminished fetal proportions were noticed on ultrasonography during the second trimester. The delivery was at term, birth weight was 2900 gr, birth length 49 cm. Psychomotor delay was evident after age 6 months. He started to walk at the age of 2 years, pronounced first words at 3 years; however, at the age of 6 years, he still had a poor vocabulary. His motor and mental disability was estimated as moderate according the Griffiths scale. The child had a broad forehead, prominent glabella and prominent orbital ridges that was suggestive of WHS. Examination of other organs and systems were normal. At the age of 3 years, the child was given anticonvulsant therapy because of convulsions. The karyotype was 46,XY,del (4) 
DISCUSSION
Most WHS cases described in the older literature have sizeable terminal deletions with full blown clinical presentation of WHS. Advanced molecular techniques [FISH, comparative genomic hybridiztion (CGH)] provide the possibility of detecting smaller deletions with less evident phenotypes. Since it is a contiguous gene syndrome, variable numbers of genes contribute to the phenotype in each patient.
The spectrum of clinical manifestation of WHS is highly variable, including specific facial dysmorphism, growth and mental delay. In the cases described in the literature, severity of the clinical presentation has been associated with the size of the deleted region and the breakpoint site. However, there are some reports that patients with similar deletions still show clinical variability. Thus, other mechanisms are suspected, mutations in modifier genes outside the deleted region, postzygotic mutational events, gene silencing [4] , and/ or unmasked recessive mutations by a deletion [22] . Sometimes phenotypic variability and severity of the clinical manifestation do not correlate with the size of the deletion. Estabrooks et al. [23] pointed out that all his described cases shared the same phenotype, although the length of the deleted region was different. In his cases, the severity of the clinical presentation and greater number of dysmorphic features were not correlated with the amount of the deleted genes. However, all had deletion of the WHCR within the deleted segment.
Our study confirms the hypothesis in the literature that the length of the deleted region is crucial to the severity of the phenotype [24, 25] . Clinical assessment in our cohort of patients was based upon the number and severity of the separate facial features, as well as upon the presence of organ malformations. Three of the patients with pronounced phenotypes had a cytogenetically visible deletion of the short arm of chromosome 4. Patient 1 had the most severe clinical presentation and most extensive deletion beginning from band p15.3. Patient 3, except for characteristic features, had a cleft lip/palate and patient 4 had only a cleft palate, which indicates that the deleted region in both patients exceeds the WHCR. Cleft lip/palate has been described in the literature in cases with larger deletions centromeric to the WHCR [10] . Since the probe for FISH that we used does not include part of the chromosome 4p centromeric to WHCR, we could not confirm this result in patients 3 and 4.
In patients 4 and 5, the diagnosis was suspected due to the obvious phenotype of WHS, and the diagnosis was established with a FISH probe for WHCR. However, the presence and severity of minor dysmorphic features, as well as other malformations, was less pronounced than in the group with apparent cytogenetically visible deletions. In some studies where microdeletions have been studied, cardiac anomalies were not found. In patients 4 and 5, however cardiac anomalies were present, which can be explained by other underlying mechanisms [10] . Although not severely affected, the cases with microdeletions in variable parts of the WHCR, can broaden genotypephenotype studies. Some features described in our cases have not been reported previously such as intestinal malrotation including both small and large intestines in patient 1, or unusual complex cardiac malformation in patient 5.
Patient 6 with a mosaic deletion had less evident clinical presentation with facial features only reminiscent of a classical WHS phenotype accompanied with a moderate mental retardation. This is in accordance with the reported cases in the literature where different percent of mosaic cell lines were found together with severe mental retardation [12, 13] .
All our patients showed prenatal and postnatal growth delay and delayed developmental milestones. There was some discordance between cytogenetic findings and mental retardation (for example, patient 4 had microdeletions and pronounced motor and mental disability). However, it can be explained by the frequency and severity of the seizures and administration of potent antiepileptic drugs. Four of our patients had seizures, and the youngest one (patient 5) (now at the age of 5 months) had a specific EEG consistent with dysrhythmic action, but without apparent seizures so far. Seizures were of different pattern, generalized, unilateral and myoclonic outbursts, as reported elsewhere [5] . The outbursts were difficult to control despite combined anticonvulsive therapy. Seizures are the most frequent cause of death in these patients.
CONCLUSIONS
If a cytogenetically visible deletion is present, a clinical diagnosis of WHS can easily be determined. If a microdeletion is present, the diagnosis is often difficult and can be suggested or made by an experienced dysmorphologist. Therefore, if clinical suspicion of WHS is still present, other molecular techniques (FISH, CGH) are recommended. The collaboration of clinical geneticist, cytogeneticist, and neurologists is essential for diagnosis, treatment, and follow-up of children with WHS.
Our cohort of six patients with a variable length of the deleted chromosome 4p, provides additional evidence that the amount of a deleted region is essential for the severity of the phenotype, i.e., a larger deletion correlates with a more severe clinical presentation. Additionally, several anomalies are described in this study that have not been described elsewhere, and should therefore be included in the phenotypic spectrum of the syndrome.
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